Traditional neuroanatomical models of written word processing have proposed multiple parallel routes from the visual word form area to lateral temporal, inferior parietal and inferior frontal cortex. Here we hypothesize the existence of an alternative ventromedial occipitotemporal route that culminates in the left perirhinal cortex which codes for the learned association between a concrete written word and the entity it refers to. The hypothesis fits in a broader context that considers perirhinal cortex as a connector hub connecting sensory input with more widespread representations of its content. According to the hypothesis, perirhinal coding of the association between a concrete word and its referent relies on the same operational principles as the coding of paired associates by perirhinal neurons documented by electrophysiological recordings in nonhuman primates.
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Abstract
Traditional neuroanatomical models of written word processing have proposed multiple parallel routes from the visual word form area to lateral temporal, inferior parietal and inferior frontal cortex. Here we hypothesize the existence of an alternative ventromedial occipitotemporal route that culminates in the left perirhinal cortex which codes for the learned association between a concrete written word and the entity it refers to. The hypothesis fits in a broader context that considers perirhinal cortex as a connector hub connecting sensory input with more widespread representations of its content. According to the hypothesis, perirhinal coding of the association between a concrete word and its referent relies on the same operational principles as the coding of paired associates by perirhinal neurons documented by electrophysiological recordings in nonhuman primates.
The evidence for a role of human left perirhinal cortex in written word processing is primarily based on two sources: Direct electrophysiological recordings reveal responses to concrete written words compared to function words or nonword stimuli. Secondly, in humans, the conceptual similarity between concrete written words is reflected in the similarity of the activity patterns evoked by these words in perirhinal cortex. The hypothesis has clinical relevance: Patients with the semantic variant of primary progressive aphasia who have damage of the left perirhinal cortex among other anterior temporal regions, have surface alexia as one of their defining features, i.e. the inability to access meaning from written words. The hypothesis of an alternative, ventral occipitotemporal written word processing pathway aligns with the concept that written language processing builds upon pre-existing visual object processing mechanisms.
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Introduction
Word reading is a uniquely human capacity acquired through education in childhood.
When a child starts to learn to read, typically around the age of 5, the visual perception of a concrete written word form initially bears little or no relationship with the concrete entity it refers to. Through association of orthography with language sounds the child learns the arbitrary association between the written word form and the entity the word refers to (Shaywitz and Shaywitz, 2008; Wandell et al., 2012; Krishnan et al., 2016) .
Word reading is a prime example of an apparently simple function that is of an extraordinary complexity. In a meta-analysis Jobard et al. (2003) summarized results from 35 neuroimaging studies and proposed a neuroanatomical model built along the traditional dual route cascade model of reading (Coltheart et al., 1993) . Starting from the visual word form area (VWFA), a region in the left mid-fusiform cortex with special expertise in visual word processing (Cohen et al., 2000 (Cohen et al., , 2002 Van Doren et al., 2010) , written word processing follows two routes. The indirect, or sublexical, route ( Fig. 1 in yellow) goes via grapheme-to-phoneme conversion to a phonological word representation and from there to word meaning ( Fig. 1) . According to this model, the relay stations of the indirect route are located in the left superior and middle temporal gyrus, the supramarginal gyrus and the pars opercularis and the regions involved in processing meaning in the left basal temporal area, posterior middle temporal gyrus, pars triangularis (Jobard et al., 2003) . The direct, or lexical, route ( Fig. 1 in green) is based on whole-word recognition, maps the written word form directly onto the meaning and goes directly from the visual word form area to the regions involved in processing meaning (Jobard et al., 2003) .
Most contemporary functional-anatomical word reading models (Jobard et al., 2003;  M A N U S C R I P T Shaywitz and Shaywitz, 2008; Wandell et al., 2012) do not explicitly contain ventral medial temporal regions beyond VWFA. In some models, however, word reading regions extend into the anterior fusiform gyrus (y = -40 mm) (Vinckier et al., 2007; Taylor et al., 2013) .
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Likewise, Pugh et al. (2000) propose a ventral reading pathway in addition to an anterior and a dorsal pathway. This ventral reading pathway involves lateral extrastriate cortex and a left inferior occipitotemporal area (Pugh et al., 2000) . In the current opinion paper, we will propose evidence in favor of a route for written word processing that runs along the posterior-anterior axis of the ventral temporal cortex up to the apex of the ventral occipitotemporal processing stream, the left perirhinal cortex ( Fig. 1, 2 ). According to the hypothesis we propose, building on its well-established role in object perception and associative coding, the perirhinal cortex codes for the overlearned association between a concrete written word and the entity it refers to. In this way, perirhinal cortex mediates the associative coding between the concrete word and the entity it represents (Fig. 3) .
In that sense, in humans, written word processing has taken advantage of the associative coding function of perirhinal cortex in monkeys that are also useful when reading words.
According to this view, written language processing relies on pre-existing visual object processing mechanisms (Hasson et al., 2018) . In the developmental literature of word reading, the declarative memory system, in particular the hippocampus, has a prominent place due to its importance for learning in general (Davis and Gaskell, 2009; Krishnan et al., 2016) but this literature does generally not make reference to the perirhinal cortex.
The current hypothesis relies on robust recent functional magnetic resonance imaging (fMRI) evidence of a semantic similarity effect for written words in left perirhinal cortex (Bruffaerts et al., 2013a; Liuzzi et al., 2015 Liuzzi et al., , 2017 . It however was first formulated based on direct electrophysiological recordings in humans (Nobre et al., 1994; M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 1995) . Its neuronal implementation is heavily influenced by what is known about the neuronal coding characteristics in perirhinal cortex as derived from nonhuman primate (NHP) studies (Sakai and Miyashita, 1991) . The involvement of perirhinal cortex in associating concrete written words with their meaning fits with its role as a connector hub between sensory input and distributed neocortical representations (Ranganath and Ritchey, 2012; Ritchey et al., 2015) .
Basic functional-anatomical considerations
Perirhinal cortex (Fig. 2) consists of Brodmann area (BA) 36 laterally and BA 35 medially (Suzuki and Naya, 2014) . Its cytoarchitecture and connections put the perirhinal cortex at the interface between neo-and allocortex. In NHP, the strongest neocortical connections are with unimodal inferotemporal cortex. Perirhinal cortex also receives input from the parahippocampal gyrus, the dorsal bank of the polymodal superior temporal sulcus and the orbitofrontal cortex, and somatosensory input from the insula (Suzuki and Amaral, 1994) . The long association fibre system that connects perirhinal cortex with the ventral occipitotemporal neocortex is the Inferior Longitudinal Fascicle (Schmahmann and Pandya, 2006; Jouen et al., 2017) . Perirhinal cortex projects to a much wider extent of cortex than it receives input from (Suzuki and Naya, 2014) . It has also dense reciprocal connections with entorhinal cortex and amygdala and relatively weak connections with CA1 and the subiculum.
According to the Posterior Medial Anterior Temporal (PMAT) model (Ranganath and Ritchey, 2012 ) the perirhinal cortex is a connector hub, and receives input which it sends to widely distributed region across the brain. In PMAT (Ranganath and Ritchey, 2012; Ritchey et al., 2015) the medial temporal cortex is divided into a posterior (PM) M A N U S C R I P T
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and an anterior medial (AM) division each belonging to distinct corticohippocampal networks. Apart from perirhinal cortex, AM includes ventral temporopolar cortex, lateral orbitofrontal cortex and amygdala. While PM is implicated in event memory and situational models (scripts, schemes, memories of past events...), AM is involved in item-based memory, i.e. memory of items regardless of a specific contextual timeline or location. This encompasses fine discriminations, but also familiarity, associations between items, and associations between items and reward/salience (Ranganath and Ritchey, 2012; Ritchey et al., 2015) .
3 Perirhinal cortex and word reading 3.1 Electrophysiological evidence Smith et al. (1986) was among the first to record responses to written words from macroelectrodes in anteromedial ventral temporal cortex (amygdala, hippocampus and parahippocampal gyrus extending into the perirhinal cortex ( Fig. 1 from Smith et al. (1986) ).
Subjects performed a word recognition task, a lexical decision task and a delayed confrontation naming task. Differences in amplitude were found between old and new words at a latency of around 460 ms. At the same latency effects of naming were found and differences during lexical decision between words and nonwords (Smith et al., 1986) . This constituted direct cortical electrophysiological evidence for a medial temporal role in word identification and retrieval besides a role in recent memory formation and retrieval (Smith et al., 1986) .
In a landmark paper based on intracranial electrode recordings of field potentials, Nobre et al (1994) measured ventral occipitotemporal cortex responses to concrete written nouns M A N U S C R I P T
with high imageability ratings, function words, faces and checkerboards. Left and right anteromedial temporal cortex near or identical to perirhinal cortex exhibited an N400 effect for written nouns versus faces and for written nouns versus function words (Nobre et al., 1994; McCarthy et al., 1995) . The effect was stronger for open-class words (with semantic content) than function words (which have a grammatical function) and there was no response for consonant letter strings Nobre et al., 1994) . McCarthy et al. (1995) also compared anomalous versus normal endings of sen-
tences. An N400 effect was generated near the anterior part of the collateral sulcus at the border between neocortex and allocortex (Nobre et al., 1994; McCarthy et al., 1995) .
For prime-target pairs consisting of semantically associated or related pairs (for instance salt and pepper) the N400 potential in response to the target was less negative than when the prime-target pairs were unrelated . Similar effects were described by Halgren et al. (1994) . Nobre et al. (1994) and Nobre and McCarthy (1995) hypothesized that the anterior temporal neocortex could serve to label concepts such as objects, scenes or faces with words. This original idea was not adequately integrated in subsequent models of word reading. Twenty years after this landmark paper, this hypothesis re-emerged when novel data were obtained using multivariate pattern analysis (2018)) spreading sideways into the collateral sulcus and the occipitotemporal sulcus (Lochy et al., 2018) . This extended into the perirhinal cortex (Fig 3 from Lochy et al. (2018) ) although the highest proportion occurred posteriorly to the perirhinal cortex. In right anterior collateral sulcus the discriminatory responses between words and other stimuli were higher than to the left. This finding should be interpreted cautiously as the number of recordings at this right-hemispheric site was relatively low (8 recordings in 4 patients) and, furthermore, functional reorganisation in epilepsy may influence hemispheric lateralization (Lochy et al.,
Other studies of anteromedial temporal cortical responses are also pertinent to the current review. Fernández et al. (1999) determined the response to written words during memory encoding and retrieval. In medial temporal cortex (the anterior parahippocampal gyrus, entorhinal and perirhinal cortex), written words elicited a large negative potential starting at 320 ms after word onset and peaking around 440 ms, called the MTL-N400.
In both the perirhinal cortex and the hippocampus, there was also a response predictive of subsequent succesful memory retrieval. Therefore, perirhinal cortex may be involved in both decoding word meaning and succesful episodic memory encoding. 
Evidence from univariate fMRI studies of perirhinal cortex
Over the past decades univariate fMRI analyses of perirhinal responses have provided strong evidence for single-word familiarity and repetition effects in perirhinal cortex ( Vandenberghe et al., 1995; Voss et al., 2009; Heusser et al., 2013) and have demonstrated the effect of conscious recognition of single items on the perirhinal response amplitude (Gon- Danckert et al., 2007) . For example, when subjects perform a yes/no recognition task with objects with a high degree of overlap, perirhinal response amplitude decreases depending on whether the subject reports the object to be old or new (Danckert et al., 2007) . In contrast, more posteriorly in occipitotemporal cortex, the response amplitude decreases depending on whether the object was actually old or new regardless of the participant's conscious reports (Danckert et al., 2007) . Activity levels in perirhinal cortex correlate with perceived memory strength (Gonsalves et al., 2005) . Repetitionrelated increases predicted better subsequent memory retrieval (Heusser et al., 2013) .
The correlations with behavior suggest a link between perirhinal cortex and task-related explicit processing. The effect of item familiarity in perirhinal cortex was not restricted to familiarity judgments after recent exposure but also occurred when subjects had to estimate cumulative lifetime familiarity of words (Duke et al., 2017) . A same structure therefore appears to mediate recognition following recent exposure as well as long-term item familiarity effects classically subsumed under 'semantic memory'.
Evidence from multivariate fMRI studies
By means of Representational Similarity Analysis (RSA) (Kriegeskorte et al., 2008 ) the similarity of the structure within data sets can be compared between datasets even when they are of a fundamentally different kind. The two datasets can for instance consist of the semantic similarity structure of a word set, on the one hand, and the similarity structure of the regional fMRI response patterns elicited by the words, on the other hand.
The semantic similarity structure within a word dataset can be modeled in various ways, e.g. based on word co-occurrences in text corpora (Martin et al., 2018) or based on data obtained from tasks performed by large groups of subjects (De Deyne and Storms, 2008;  M A N U S C R I P T
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De Deyne et al., 2013) . Among the tasks that have been employed for that purpose are feature generation and cued word assocation tasks. The semantic similarity between the words can then be correlated with the similarity of regional fMRI activity patterns in response to the words. In a series of fMRI experiments (Bruffaerts et al., 2013a; Liuzzi et al., 2015 Liuzzi et al., , 2017 Liuzzi et al., , 2019 ) the similarity between fMRI activity patterns in left perirhinal cortex correlated significantly with the semantic similarity between the written words
shown. Participants performed a property verification task. A trial started with a warning cue, followed by a sample stimulus (e.g. a written concrete noun).
After a delay, a property was presented on the screen and the subject had to indicate by button press whether the property was applicable to the sample stimulus (Bruffaerts et al., 2013a; Liuzzi et al., 2015 Liuzzi et al., , 2017 Liuzzi et al., , 2019 . During this task participants have to explicitly retrieve the property probed for a given concept. The concepts used were either animate or inanimate, the properties tested visual or nonvisual sensory or nonsensory, the concept could be represented as written word, a spoken word, a picture etc. The perirhinal volume of interest was defined in different ways: based on a univariate contrast of an independent study (centre of the VOI at x = -26 mm, y = -25 mm, z = -14 mm), or based on the Kivisaari et al. (2013) method (y between -15 and -35 mm), or based on the Fan et al. (2016) atlas (sum of rostral and caudal perirhinal cortex). The association strength between the concrete word and the property varied over a wide range. Regardless of how the semantic similarity was modelled or which properties were tested for which objects and regardless of how the perirhinal cortex was exactly defined, results were essentially the same: Semantic similarity between concrete words during a property verification task correlated with the similarity of fMRI activity patterns in perirhinal cortex (Bruffaerts et al., 2013a; Liuzzi et al., 2015 Liuzzi et al., , 2017 Liuzzi et al., , 2019 .
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Orthographic or phonological similarities did not show such a correlation.
How specific is the effect for written words, as compared to other language stimuli or concepts in general? A significant correlation was present for written words while a much weaker or no effect was present for the corresponding pictures (Bruffaerts et al., 2013b) .
As the effect was significantly stronger for written words compared to pictures, it is unlikely that the effect arises due to processing of the images that are evoked by the words.
The effect also was significantly stronger for written than for auditory words (Liuzzi et al., 2015) (Fig. 4) . The anterior temporal cortex has often been implicated in amodal processing, i.e. processing of the meaning regardless of input modality. The specificity of the perirhinal response we observed for written as opposed to auditory words goes against the theory of an amodal representation within perirhinal cortex. Perirhinal cortex was not operating in an 'amodal' pattern abstracted from the specific input modality. According to the graded hub-and-spokes model (Lambon-Ralph et al., 2017), graded differences exist in the anterior temporal cortex depending on input-modality and word content. The anterior temporal cortex is a convergence zone (a hub) to which input-modality specific pathways (the spokes) project. In the graded hub-and-spokes model the anterior temporal pole represents the meaning of concepts. The anterior temporal pole is large and there is heterogeneity between anterior temporal regions in how strongly they are connected with one or more input-modality specific pathways. The most evenly connected region is the ventrolateral anterior temporal cortex, which therefore is considered the centerpoint and a cross-modal hub. Other anterior temporal regions receive disproportionately more input from one sensory modality than from others. The anterior superior temporal cortex is relatively more connected to the auditory pathway (Binney Liuzzi et al., 2017) , the temporopolar cortex to the orbitofrontal cortex (Binney et al., 2016) and the anteromedial ventral temporal cortex is relatively more weighted towards visual input and concrete words and the lateral temporal cortex relatively more towards auditory input and abstract words (Lambon-Ralph et al., 2017) .
The semantic similarity effects for written words in perirhinal cortex reached significance to the left but not to the right (Bruffaerts et al., 2013a; Liuzzi et al., 2019) . A direct comparison between left and right perirhinal cortex showed a trend for a stronger effect to the left compared to the right (Bruffaerts et al., 2013a). A previous electrocorticography study (Nobre et al., 1994 ) of written word processing showed both left-and right-sided perirhinal effects. It remains possible that the right perirhinal cortex also plays a role in written word comprehension but such effects were not seen in the abovementioned RSA fMRI studies (Bruffaerts et al., 2013a; Liuzzi et al., 2019) .
The perirhinal semantic similarity effect during property verification was recently repli- to reliably classify the pseudowords at the basic level (Malone et al., 2016) . This provides strong evidence that left perirhinal cortex codes for the learned association between a pseudoword and a picture and for the semantic structure between the referents.
Associative coding in perirhinal cortex
NHP do not use language. Nevertheless, in our view, studies of perirhinal cortex in NHP are critical for understanding the above described effects. Single-and multipleneuron recording studies in NHP have provided fundamental insight into how coding by perirhinal neurons is influenced by learnt associations.
Neurons in perirhinal cortex code for overlearned associations between stimuli. During M A N U S C R I P T
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paired associates learning (Sakai and Miyashita, 1991) NHP first learn a set of yoked pairs between abstract stimuli (fractal patterns). Next, during the retrieval phase they have to choose which of two test stimuli presented was paired with the sample stimulus.
The instruction to retrieve the paired stimulus rather than the sample stimulus itself was given during the delay phase (Sakai and Miyashita, 1991) . At the single neuron level, two neuronal signatures of associative coding were originally described (Sakai and Miyashita, 1991) : During the cue phase, in a pair coding neuron, the correlation of the responses to the two elements of the learned pair is higher than for elements that had not been paired. This is expressed by the 'pair coding index'. As a second mechanism for associative coding, the Paired Recall neurons start to fire when the animal retrieves from memory the associate of an item presented during the cue phase (Sakai and Miyashita, 1991; Hirabayashi and Miyashita, 2014) . Paired recall neurons are much more prevalent in perirhinal cortex than in monkey inferotemporal cortex (Sakai and Miyashita, 1991) .
The activity during retrieval of the associate also starts earlier than in TE (Naya et al., 2001) . If perirhinal cortex is lesioned, the activity in the Paired Recall neurons in TE does no longer occur (Naya et al., 2003) . Perirhinal lesions in NHP lead to long-term memory deficits for associations between stimuli and for associations between these stimuli and reward as well as deficits of conditional learning .
This rich set of data obtained from NHP provides a deep insight in perirhinal neuronal coding for objects and for associations between objects. We put forward the hypothesis that it also provides insight into how a concrete written word is associated with the entity it refers to. The current hypothesis extends the coding of associated pairs to the coding of the association between a word and its referent in humans. Paired associate coding may provide a substrate for the coding of the yoked association between an orthographic M A N U S C R I P T
word form and its referent as well as for the semantic association between objects.
Conjunctive coding in perirhinal cortex
According to studies in NHP and in humans, associative coding in perirhinal cortex also underlies the coding for feature conjunctions that define objects. This role in object perception is tightly interwoven with memory effects, as tested by delayed nonmatchingto-sample tasks (Meunier et al., 1993; Tamura et al., 2017) . Based on the combined perceptual and memory effects observed in single-neuron recording and lesion experiments in NHP, Murray and Bussey (1999) were among the first to infer a role for perirhinal cortex in semantic memory.
In the attention literature it is well known that feature conjunction increases similarity between targets and distracters (Duncan and Humphreys, 1989) . In a complex feature space, high similarity between objects means that they share multiple features.
As a consequence, the perirhinal role in the representation of complex conjunctions of features also implicates perirhinal cortex in the disambiguation of confusable visual stimuli (Murray and Bussey, 1999) . A role in coding feature conjunctions and fine discriminations between objects has been confirmed in humans. In humans, perirhinal cortex has been implicated in the separation between closely similar objects in a picture naming task (Clarke and Tyler, 2014) and in the representation and processing of object-specific semantic information for highly confusable objects Clarke and Tyler, 2015) . Perirhinal cortex is involved in conjunctive coding of features of experimentergenerated, meaningless objects and more so than upstream visual processing areas such as area V4 or the Lateral Occipital Complex (LOC) are (Erez et al., 2016 
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features (such as a blue apple). Similarity of the perirhinal activity patterns reflected the semantic similarity, not the perceptual similarity of the objects on the screen (Price et al., 2017) . This contrasts with V4 where similarity coding is mainly determined by the visual object's features on the screen (Price et al., 2017) . This indicates that under these experimental conditions, the perirhinal response pattern is driven by the mnemonic representation of familiar objects more than by the artificially manipulated momentaneous perceptual input (Price et al., 2017) . Martin et al. (2018) presented written words which large groups of subjects had rated for the pairwise perceptual similarity of the object concepts. A conceptual similarity matrix was construed for the same word set based on feature generation data. The perirhinal response reflected both the subjective perceptual similarity of the object concepts and their conceptual similarity, further demonstrating the tight relationship between the perirhinal role in perceptual and in mnemonic processing (Martin et al., 2018) . 
tures. The perirhinal role in written word processing may therefore be related both to associative coding between word and referent and to disambiguation of word forms. These two operations should not be considered as separate. In order to disambiguate, conjunctive coding is essential and the retrieval of the highly specific association between a word form and the entity can facilitate interactively the disambiguation between the meaningful words.
Distributed cortical representation of word meaning
The distributed nature of the representation of word meaning has been demonstrated in a series of MVPA experiments from different laboratories (Mitchell et al., 2008; Anderson et al., 2015; Fernandino et al., 2016; Huth et al., 2016; Carota et al., 2017) . Below we will briefly discuss studies that examined the distributed representation of word meaning based on written input modality.
At the single-word level, Anderson et al. (2015) reanalysed fMRI data from a landmark study of reading. Sixty concrete nouns from 12 different categories (Mitchell et al., 2008; Just et al., 2010) were presented in the experiment. Subjects were instructed to actively think of the properties of the object the noun referred to. Anderson et al. (2015) created two similarity models for the written word set: an image-based and a text-based model. (2015)). This indicates that perirhinal activity patterns reflect the similarity between written words regardless of the model, image-based or text-based.
In fact, there were only a few other regions showing such overlap, namely the left supramarginal gyrus and the retrosplenial cortex (Anderson et al., 2015) . In right perirhinal cortex, there was also overlap but this was more restricted in extent (Fig 5 in Anderson et al. (2015)).
In a different approach, Fernandino et al. (2015) asked hundreds of participants to rate a large number of concrete and abstract words for the relevance of sound, color, manipulation, visual motion, and shape in defining the word meaning. Participants either passively viewed the words or performed a semantic judgment of the words. Next, the authors performed a voxelwise regression analysis with the relevance parameters for the five dimensions as regressors and demonstrated the overlap between the weighted features defining the written word meaning and the functionally specialized unimodal M A N U S C R I P T
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regions involved in processing these features during perception and action (Fernandino et al., 2015) . In the perisylvian language network and the default mode network the five attributes combined also allowed for accurate prediction in line with their role as convergence zones integrating the different attributes that constitute the meaning of a written word . The model was further extended to a 65-dimensional experiential attribute model of word meaning and applied to written sentence comprehension (Anderson et al., 2017) .
Besides representational similarity analysis, cross-classification between written words and pictures has also been applied to detect where concrete words and their referents connect Fairhall and Caramazza, 2013; Kumar et al., 2017; Murphy et al., 2017) . Murphy et al. (2017) presented words referring to visual or to auditory features either in spoken or written modality, eight per modality. In a searchlight procedure within the left anterior temporal region, Murphy et al. (2017) identified the left perirhinal cortex and the left anterior middle temporal gyrus and inferior temporal sulcus as the regions that allow for semantic classification across input modalities. Based on ventral anterior temporal response patterns, assignment to the proper semantic feature class (visual versus auditory feature) was possible across input modalities. In contrast the anterior superior temporal gyrus response patterns allowed only for assignment to the correct input-modality class (Murphy et al., 2017) . Within the large left anterior temporal region a searchlight was then applied to increase the anatomical resolution of the findings:
The left perirhinal cortex and the left anterior middle temporal gyrus and inferior temporal sulcus allowed for semantic feature classification (Fig 3 in Murphy et al. (2017) ).
Another cross-modal classification study between written words and pictures revealed a number of left-hemispheric regions, including left perirhinal cortex, and also posterior M A N U S C R I P T
middle temporal gyrus, precuneus, angular gyrus and lateral and dorsomedial prefrontal cortex (Fairhall and Caramazza, 2013) . Using written and spoken words, photographs and natural sounds Simanova et al. (2014) demonstrated cross-classification for animals versus tools in the ventromedial occipitotemporal cortex extending into the perirhinal cortex, the middle and inferior frontal gyrus.
Overall, the cross-modality classification studies provide a more distributed view implicating many different regions in cross-modal decoding with a substantial amount of between-study variability compared to the RSA studies. One reason may be that machine learning algorithms make use of all available features that permit for classification while RSA starts from a more a priori constrained model of similarity.
The effect of perirhinal lesions in humans
In humans, perirhinal lesions cause combined visuoperceptual and mnemonic deficits, in line with NHP studies (Murray and Bussey, 1999) . Perirhinal lesions impair same-different judgment more for stimuli with overlapping features, in line with its role in conjunctive coding (Barense et al., 2005) . During picture naming, highly confusable concepts are named more poorly compared to distinctive concepts as more of the perirhinal cortex is damaged (Wright et al., 2015) . As for the memory effects, patients with perirhinal lesions are more susceptible to the accumulation of interference from intervening stimuli over trials (Barense et al., 2012) . For written words, resection of left amygdala, perirhinal and entorhinal cortex with (para)hippocampal sparing causes a deficit in familiarity judgment in a remember/know paradigm (Bowles et al., 2007 (Bowles et al., , 2010 . Judgment of cumulative lifetime familiarity of words was also impaired and this was more pronounced for words with high semantic similarity (Bowles et al., 2010) . Lifetime familiarity judgment for M A N U S C R I P T
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pictures was equally impaired (Bowles et al., 2010) . These findings are in line with functional imaging evidence in healthy volunteers for a role of perirhinal cortex in familiarity judgement across a wide range of timescales (Duke et al., 2017 ).
From our model we would predict that structural damage of left perirhinal cortex, e.g. due to posterior cerebral artery ischemia, would be associated with surface alexia due to disconnection between the written word form and the distributed representation of its meaning. This lesion-based prediction remains to be further tested. Traditionally, ischemia of the left posterior cerebral artery territory or resections of the anteromedial temporal cortex have not been associated with surface alexia, but this may also have been overlooked in the context of the other cognitive and visuoperceptual disturbances seen in these patients. In the semantic variant of primary progressive aphasia, a neurodegenerative disease primarily affecting the anterior temporal pole, surface alexia is one of the clinical characteristics (Gorno-Tempini et al., 2011) . The perirhinal cortex is commonly part of the damaged regions but there are no studies that directly relate the surface alexia (in contrast to e.g. the degree of anomia (Mion et al., 2010) ) to the volume of perirhinal cortex. In any case, following bilateral resection of part of the hippocampal formation in H.M. no word reading deficits were reported. The resection included the hippocampus, dentate gyrus, subiculum, entorhinal cortex and amygdaloid complex. In H.M. the collateral sulcus was visible throughout much of the temporal lobe indicating that the ventrocaudal perirhinal cortex, located on the banks of the sulcus, was at least partially intact (Corkin et al., 1997) . Given the partial preservation no firm conclusions can be drawn from H.M. regarding the role of perirhinal cortex. Likewise, three cases with highly selective hippocampal damage due to hypoxia were able to acquire language relatively normally, however, in these cases the perirhinal cortex was spared (Vargha- , 1997) . Nevertheless, overall, we would expect that alternative routes, e.g. via grapheme-to-phoneme conversion, exist for reading that do not require perirhinal integrity and may compensate for the perirhinal loss.
Lesions restricted to the perirhinal cortex are extremely rare. In a disease like primary progressive aphasia semantic variant, surface alexia is part of a much broader syndrome and the perirhinal damage always belongs to a more extensive region of atrophy. In posterior cerebral infarctions the perirhinal cortex will most often be damage only when more posterior ventral occipitotemporal regions are also damaged. Hence, if a syndrome like alexia without agraphia occurs, it can often be attributed to the posterior ventral occipitotemporal damage. Likewise, in epilepsy surgery, if perirhinal cortex is resected, it will always be part of a broader resection zone. Given the rarity of isolated perirhinal lesions, experiments need to be conducted to examine when larger lesions comprise perirhinal cortex, whether the word comprehension deficit is more pronounced for written than for auditory words in a manner that cannot be explained by upstream visual processing deficits. This requires further experiments designed to address this question.
Revised written word processing model
In the PMAT model (Ranganath and Ritchey, 2012; Ritchey et al., 2015) , perirhinal cortex is a connector hub that connects perceptual input to the distributed representation of attributes and associates across the neocortex. In the current medial temporal written word processing model (Fig. 3) we discern two stages:
1. In the first stage the perirhinal cortex mediates the associative coding between the M A N U S C R I P T
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visual word form and the entity it refers to.
2. In a second stage, the activation of the representation of the entity enables the activation of cortically distributed representations of the associates and attributes of the entity.
According to this model the connector hub connects between the written word form representation and the widely distributed representation of meaning of the word. This connection is mediated through the associative coding between the concrete written word and the entity it refers to in perirhinal cortex (Fig. 3) . The perirhinal stage is probably not required when subjects simply have to repeat words or read aloud without accessing the meaning explicitly. Once this associative coding is accomplished through perirhinal neuronal ensembles, the meaning and associations of the referent will be activated through the connections with neocortical regions outside the perirhinal cortex. This will then lead to a reverberation of feedback and feedforward between cortical regions and perirhinal cortex, corresponding to what Halgren et al. (2006) calls the associative stage. Once the entity the word codes for is activated and reaches short-term memory and consciousness (Danckert et al., 2007; Dehaene and Changeux, 2011) , it ignites the distributed representations in the neocortex (Fernandino et al., 2015; Anderson et al., 2015; Huth et al., 2016; Fernandino et al., 2016; Carota et al., 2017) . These can then become subject to cognitive control processes (Baars, 1988) and integrated in the current context. The link between conscious recollection of the word meaning and perirhinal cortex is in agreement with univariate studies demonstrating the relationship between perirhinal response amplitude and recognition (Danckert et al., 2007; Voss et al., 2009; Heusser et al., 2013) .
Importantly, in our model the perirhinal cortex should not be considered as the only region for activating written word meaning. In line with the principle of degeneracy (Price, M A N U S C R I P T
2018), there are alternative pathways that may be more critical (Richardson et al., 2011) ( Fig. 1) . When children learn to read, there is a consensus that the main strategy is through association of graphemes with word sounds rather than the associative coding of the concrete word with the image of the entity. Hence, the principal pathways for word reading would be expected to connect from the visual word form area to the auditory word comprehension circuit (Vandenberghe et al., 2013) . A likely point of entry from the visual word form to the word comprehension network is the left posterior superior temporal gyrus (van Atteveldt et al., 2004) and the posterior superior temporal sulcus (Vandenberghe et al., 2013) . This may bypass the perirhinal cortex entirely. Other key entry points which may or may not be independent of the perirhinal cortex are the opercular (Fiez et al., 2006) and triangular part (Liuzzi et al., 2017) (Fig. 4) of the inferior frontal gyrus or the ventrolateral anterior temporal cortex (Lambon-Ralph et al., 2017) .
We propose that the brain may contain a restricted set of access points through which written words can connect with their referent and that through these access gates words gain access to the distributed representation of the word meaning. The perirhinal cortex would be an ancillary pathway for associative coding between written word form and the concrete entity the word form refers to. Our model by no means posits this as the only or even the principal pathway for extracting meaning from written words.
At its core the model states that perirhinal mechanisms of associative coding between objects have been co-opted for associative coding between concrete written words and their content. The fine but fundamental distinction is between associative coding of the written word and its referent versus associative coding between the referents evoked by words. Logically, the former process precedes the latter. Unexpectedly, we found that the semantic similarity M A N U S C R I P T
effect in left perirhinal cortex during property verification occurred specifically for written words and not for auditory words or pictures. A process that is required for semantic analysis of written words but not for auditory words or for pictures, is the mapping of the written word form onto its meaning, hence the current hypothesis. Our model postulates that, neurobiologically, the associative coding between a written word and its referent in perirhinal cortex (a language-specific function) relies on the same neurophysiological mechanisms as those underlying associative coding between visual objects (as studied extensively also in nonhuman primates). If the perirhinal semantic similarity effect during property verification were due to the associative coding between the referents themselves, then one would expect the semantic similarity effect regardless of input modality (i.e. an amodal effect for written words, auditory words, and pictures) (Bruffaerts et al., 2013a; Liuzzi et al., 2015 Liuzzi et al., , 2017 Liuzzi et al., , 2019 ).
This was not the case and the current hypothesis accounts for the specificity of the semantic similarity effect for written words as opposed to auditory words or pictures during property verification.
Any role of perirhinal cortex in abstract written word processing remains to be investigated. Response amplitude in left perirhinal cortex is higher in response to high-compared to low-imageability words, suggesting that the associative coding between a written word and its content in perirhinal cortex could be restricted to concrete words (Wise et al., 2000) .
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9 Implications for developmental theories of reading Typically, learning to read relies on both procedural memory and declarative memory mechanisms (Krishnan et al., 2016) . Procedural learning is mainly linked to striatum, declarative memory to the medial temporal cortex. As we have described here, the posterior medial temporal structures such as the hippocampus and the anterior medial structures like the perirhinal cortex have very distinct functions and their role in learning to read is also very likely to differ. This has implications for word learning models. According to the current model, the gradual associative coding by perirhinal neurons may be one of the mechanisms for learning to read as children acquire more proficiency. This is distinct from hippocampal and corticostriatal learning. According to our model, the associative coding in perirhinal cortex differs from the contextual, episodic memory coding in hippocampus. Our model may contribute to our understanding of word learning through the emphasis on perirhinal cortex as opposed to hippocampus and parahippocampal gyrus in learning to extract meaning from words.
Conclusion
Previous models of word reading have emphasized the dual route from the visual word form area and the posterior inferior temporal cortex to lateral temporal, inferior parietal and inferior frontal cortex. Here we describe a third route for visual word processing that goes via the perirhinal cortex. The left perirhinal involvement is not a mere consequence of its role in processing visual objects to which the words refer. Instead, it fulfills a reading-specific operation that consists of the associative coding between a written word and the concrete entity it refers to. From there the connections with neocortex allow for M A N U S C R I P T
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pattern completion where the written word evokes the rich representations of attributes and associates across the human brain cortex. In this model written word processing builds onto the pre-existent brain infrastructure for processing visual objects and their mnemonic associations.
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Figure 2: View of the perirhinal cortex as defined based on the Brainnetome atlas (Fan et al., 2016) and its boundaries with respect to the surrounding structures. Upper row: Sagittal sections. Lower row: Coronal sections.
Figure 3: Schematic overview of the model. In the upstream regions of the visual processing stream representations exist of concrete entities (structural descriptions) and of visual word forms. Through the mediation of perirhinal associative coding, the word form representations and the representations of the entity it refers to become associated. Through this association a written word form can activate the representation of the concrete entity it refers to. As a consequence, the distributed cortical representation of the associates of the entity can be activated as well as the regions involved in semantic control during explicit semantic tasks. 
